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Communication
1608Biomimetic Mussel Adhesive Inspired
Clickable Anchors Applied to the
Functionalization of Fe3O4 Nanoparticles
aAnja S. Goldmann, Christine Scho¨del, Andreas Walther, Jiayin Yuan,
Katja Loos, Axel H. E. Mu¨ller*The functionalization of magnetite (Fe3O4) nanoparticles with dopamine-derived clickable
biomimetic anchors is reported. Herein, an alkyne-modified catechol-derivative is employed
as the anchor, as i) the catechol-functional anchor groups possess irreversible covalent binding
affinity to Fe3O4 nanoparticles, and ii) the alkyne terminus enables further functionalization
of the nanoparticles by the grafting-onto
approach with various possibilities offered by
‘click’ chemistry. In the present work, azido-end
group functionalized Rhodamine and poly(ethy-
lene glycol) (PEG) are utilized to coat the iron oxide
nanoparticles to make them fluorescent and
water soluble.Introduction
Recently, it has become obvious that strategies employed
bybiologicalorganismscan inspirenewapproaches tograft
polymers onto surfaces. Of particular interest are unusual
amino acids found in marine adhesive proteins, used toA. S. Goldmann, C. Scho¨del, J. Yuan, A. H. E. Mu¨ller
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a: Supporting information for this article is available at the bottom
of the article’s abstract page, which can be accessed from the
journal’s homepage at http://www.mrc-journal.de, or from the
author.
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 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinesecure robust attachment to wet surfaces. Marine mussels
adhere firmly to a variety ofmaterial surfaces such as rocks,
wood, animals, and shells, even in a wet and turbulent
environment. Dopamine contributes noteworthy adhesive
properties, forming strong chemical interactionswith both
organic and inorganic surfaces.[1] Messersmith and co-
workers[2] demonstrated the first example of using a
catecholic initiator for surface-initiated polymerization
frommetal surfaces to create antifouling polymer coatings.
A new bifunctional initiator inspired by mussel adhesive
proteins was synthesized, which strongly adsorbs to
titaniumandstainless steel substrates,providingananchor
for surface immobilization of grafted polymers. They
presented the ability of catechols (e.g., dopamine) to bind
to a large variety of inorganic surfaces. This biomimetic
anchoring strategy is expected to be a highly versatile tool
for polymer thin film surface modification for biomedical
and other applications. Xu et al.[3] described a general
strategy that used dopamine as a stable anchor to attach
functional molecules on the surface of iron oxide nanos-
tructures. They reported an easy method that employed
dopamine as a robust anchor to immobilize functionallibrary.com DOI: 10.1002/marc.201000193
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(e.g., Fe2O3). The use of nitrilotriacetic acid as the functional
molecule for protein separation demonstrates the robust-
ness and specificity of nanostructures created by this
method.
Up to now, only a few efforts have beenmade to modify
the surface of NPs using click chemistry. The click
functionalization of SiO2 particles was investigated several
times in recent studies.[4,5] Even less studies have been
performed to functionalize magnetic NPs. Turro and co-
workers[6] modified g-Fe2O3 NPs with click chemistry.
Ligand exchangewas performedwith two types of ligands:
phosphonic acid–azide and carboxylic acid–alkyne. The
resultant particles were submitted to CuI-catalyzed azide–
alkyne cycloaddition (CuAAC) reactions with organic
substrates. Prosperi and co-workers[7] reported a versatile,
one-pot biofunctionalization of g-Fe2O3 by CuAAC reaction.
Theydemonstratedthat thismethod isparticularlysuitable
for protein immobilization, resulting in a site-specific
anchorage onto the NP surface, which prevents loss of
protein bioactivity. He et al.[8] have developed a methodol-
ogy to prepare magnetic nanohybrids from clickable
magnetic NPs and polymer-coated nanomaterials by
CuAAC click chemistry. They demonstrated that a soft
polymer interlayer was indispensable for the surface click
reactions between hard NPs. Von Maltzahn et al.[9]
demonstrated that click chemistry may be used to develop
superparamagnetic iron oxide NPs that seek out specific
cells in vivo based on their surface expression of protein
markers. These findings suggest that click chemistrymeets
the criteria of being applicable under aqueous conditions,
efficient, orthogonal to thiol- and amine-containing target-
ingmotifs, and stable in the complex in vivo environments
of the blood and tumor milieu.
Because of the increasing usage of iron oxide NPs in
biomedical research, the ease of linking other biomolecules
to iron oxide surfaces through a versatile anchor, such as
dopamine, is expected to lead to useful applications of
magnetic nanostructures in several areas, e.g., cell biology,
biotechnology, and environment monitoring. Xie et al.[10]
showed that iron oxide NPs functionalized with dopamine
linked to human serum albumin were highly efficient in
labeling various types of cell lines. Click chemistry is a
suitable procedure in biomedical and biochemistry appli-
cations.
Herein, we present the merger of click chemistry and a
mussel protein inspired anchorwhichwe believewill open
up new and versatile avenues for functional NPs.
We report the surface-functionalization of Fe3O4 NPs
with an alkyne-functionalized dopamine as mussel-adhe-
sive-inspired clickable biomimetic anchors. Azido-Rhoda-
mine was utilized as a technique to visualize the click
modification of Fe3O4 magnetic NPs. The Huisgen [2þ 3]
cycloaddition was used to attach clickable fluorescentMacromol. Rapid Commun. 2010, 31, 1608–1615
 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimlinkers to alkyne-modified Fe3O4 NPs. Furthermore, iron
oxideNPswere coatedwith azido-endgroup functionalized
poly(ethylene glycol) (PEG) by click chemistry. Because click
functionalitiesareeasyaccessible, the strategy isapplicable
to an immensenumber of attachable groups like functional
polymers, biomolecules, or fluorescent linkers.Experimental
Materials
Fe(CO)5, octylether (Aldrich), oleic acid (90%, ABCR), (þ)-sodium-L-
ascorbate (Sigma), copper(II) sulfate (Sigma), 3-hydroxytyramine
hydrochloride (dopamine, Sigma), Rhodamine B (Sigma), sodium
azide (Sigma), 4-dimethylaminopyridin (DMAP, 99%, Aldrich), 3,4-
dihydroxyphenylaceticacid (97%,TCIEurope), 3-bromopropan-1-ol
(97%, Aldrich), N3-PEG (Mn¼ 1 000 g mol1, creative PEGworks)
were purchased where indicated and used as received.Synthesis
Oleic acid-stabilized particles were synthesized according to a
modified procedure described by Hyeon et al.[11] To prepare
monodisperse Fe3O4 iron NPs, 2mL of Fe(CO)5 (1.52mmol) was
added under nitrogen atmosphere to a mixture that contained
200mL of octylether and 12.8 g of oleic acid (4.56mmol) at 100 8C.
The resultingmixturewas heated to reflux andmaintained at that
temperature forapproximately4huntil thesolutiongetsblack.The
resulting black solution was cooled to room temperature and
exposed to the atmosphere. Ethanol was added to yield a black
precipitate, which was then separated by a magnet. The resulting
black powder was easily redispersed in solvents, such as hexane,
octane, and toluene.Synthesis of Pentynoic Acid Chloride
Pentynoic acid (2 g, 20.4mmol) was dissolved in dichloromethane
under anargonatmosphere. Oxalyl dichloride (2.62mL, 30.6mmol)
was then added. The reaction mixture was stirred at room
temperature for 15 h under argon. The solvent and the residual
oxalyl dichloride were evaporated and the yellow liquid was
purified by distillation to give a colorless liquid and was stored
under inert gas.
1H NMR (CD2Cl2, 300MHz): d¼ 2.09 (t, J¼ 2.7Hz, 1H), 2.56 (dt,
J¼ 2.7, 7.0Hz, 2H), 3.15 (t, J¼7.0Hz, 2H).Synthesis of Alkyne-Functional Dopamine
(Alkyne-Dopa)
The synthesiswas adopted fromamodifiedproceduredescribedby
Messersmith and co-workers (Scheme 1).[2] A 250mL round-
bottomed flask was charged with borax (Na2B4O7 10H2O, 3.83 g,
10mmol) and 100mL of water. The solution was degassed with
argon for 30min, and dopamine HCl (1.9 g, 10mmol) was added.www.mrc-journal.de 1609
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Scheme 1. Synthesis of Alkyne-Functional Dopamine.
1610The reaction mixture was stirred for 15min and the pH was
adjusted to pH 9–10with Na2CO3 H2O. The resulting solutionwas
cooled in an ice bath, and pentynoic acid chloride (10mmol) was
added. The reaction mixture was allowed to reach room
temperature and stirred for 24h under argon. The pH of the
solutionwasmaintained at pH 9–10with Na2CO3 H2O during the
reaction. The reaction solution was then acidified to pH 2 with an
aqueous HCl solution, and extracted with EtOAc (3 100mL). The
combined organic layers were dried over MgSO4, and the solvent
was evaporated under reduced pressure to give a brownish liquid.
The crude product was purified by silica gel column chromato-
graphy (4%MeOH inCHCl3) to give a colorless viscous liquid (0.96 g,
yield 41%). 13C and 2DNMR (gs-HSQC-1H/13C) spectra are provided
in the Supporting Information.
1H NMR (CDCl3): d¼8.0 (NH, broad, 1H), 6.8–6.4 (aromatic
protons, 3H), 3.35 (CH2NH, 2H), 2.65 (CH2CH2NH, 2H),
2.41 (COCH2CH2, 2H), 2.31 (COCH2CH2, 2H), 2.19
(CH2C H, 1H). 13C NMR (CDCl3): d¼174.1 (C9), 146.4 (C3),
144.9 (C4), 132.2 (C6), 121.3 (C1), 117.1 (C5), 116.5 (C2), 83.7 (C12),
70.5 (C13), 42.5 (C8), 36.3 (C10), 36.1 (C7), 15.9 (C11). Mass
spectrometric analysis: Mexp. 233.26 g mol1 (Mtheor. 233.26
g mol1).Synthesis of N3-Rhodamine
3-Bromopropan-1-ol (5 g, 36mmol) and sodium azide (3.83 g,
59mmol) were dissolved in a mixture of acetone (60mL) and
water (10mL) and the resulting solution was refluxed overnight.
Acetonewas then removedunder reducedpressure, 50mLofwater
was added, and the mixture was extracted with diethyl ether
(3 50mL).Thecollectedorganic layersweredriedoverMgSO4and,
after removal of the solvent under reduced pressure, 3-azidopro-
pan-1-ol was isolated as a colorless oil (2.2 g, 60%).
3-Azidopropan-1-ol (1 g, 0.01mol), Rhodamine B (5.3 g,
0.011mol),N,N´-dicyclohexylcarbodiimide (DCC, 4.12 g, 0.02mol),
and catalytic amounts of DMAP were dissolved in 100mL of
dichloromethane (Scheme 2). The reaction was allowed to stirScheme 2. Synthesis of N3-Rhodamine.
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liquid was purified by column chromatography (CH2Cl2).Surface Functionalization of Fe3O4 NPs with Alkyne-
Dopamine (Alkyne-Fe3O4)
To 40mg of oleic acid-stabilized Fe3O4 NPs, dispersed in hexane,
alkyne-dopaminewas added in excess. The dispersionwas treated
with a sonifier (45min, settings: 20% amplitude, 3 s on and 2 s off).
The particles were dialyzed against hexane for 7 d to remove any
unreacted alkyne-dopamine.Click-Reaction of Alkyne-Fe3O4 and N3-Rhodamine
Alkyne-modified Fe3O4 NPs dispersed in dimethyl sulfoxide
(DMSO) (0.5mg mL1) were treated with ultrasound for 15min.
CuSO4 (1.25103 mol) and sodium ascorbate (7.07104 mol)
were added in excess to the solution. N3-Rhodamine (20mg) was
added and the dispersionwas stirred at room temperature for 48h.
Theparticleswerewashed several timeswithDMSOanddeionized
water until the washing solution showed no sign of fluorescence,
and then were separated magnetically. The particles were
redispersed in tetrahydrofuran (THF). In a control experiment
blank oleic acid-stabilized Fe3O4 NPs were treated under identical
conditions.Click-Reaction of Alkyne-Fe3O4 and N3-PEG
Alkyne-modified Fe3O4 NPs, dispersed in DMSO (approx.
5mg mL1) were treated with ultrasound for 15min. CuSO4 and
sodium ascorbate were added in excess to the solution. N3-PEG
(0.05 g, 1 000g mol1)was added and the dispersionwas stirred at
50 8C for 48h. TheparticlesweredialyzedagainstDMSO for 14days
after washing with DMSO repetitively.DOI: 10.1002/marc.201000193
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1H NMR and 13C NMR spectra were recorded on a Bruker
ACF300300MHz spectrometer. Gs-HSQC-1H/13C spectra were
recorded on a Bruker Avance 300 300MHz spectrometer.
X-ray photoemission spectroscopy (XPS): The samples were
introduced through a load look system into an SSX-100 (Surface
Science Instruments) photoemission spectrometer with a mono-
chromatic Al Ka X-ray source (E¼1 486.6 eV). The base pressure in
the spectrometer during the measurements was 1010 mbar. The
photoelectron take-offanglewas378. Theenergyresolutionwasset
to 1.3 eV to minimize measuring time. Sample charging was
compensated by directing an electron flood gun onto the sample.
Spectroscopic analysis included a Shirley background subtraction
and a peak deconvolution that employed Gaussian and Lorentzian
functions in a least-square curve-fitting program (WinSpec)
developed at the LISE, University of Namur, Belgium. Atomic
compositions were calculated in a semi-quantitative approach
with the atomic sensitivity factors of the XPS system.[12]
FT-IR transmission spectrawere recordedusingaBruker IFS66v/s
spectrometer under vacuumat a resolution of 4 cm1 using theKBr
pellet technique. Spectra were recorded and evaluated with the
software OPUS version 4.0 (Bruker).
Transmission electron microscopy (TEM) images were recorded
in a bright-field mode with a Zeiss CEM 902 electron microscope
operated at 80 kV and a LEO 922 OMEGA electron microscope
operated at 200kV. The specimens were prepared by placing a
droplet of solution onto a carbon-coated copper TEM grid, waiting
for a certain time (ca. 30 s), and subsequent blotting of the residual
liquid using filter paper. Data evaluation and processing was
carried out with Soft Imaging Viewer and Image Tool.
For cryogenic transmission electron microscopy (cryo-TEM)
studies, a drop of the sample dispersed inwater was put on a lacey
carbon TEM grid, wheremost of the liquidwas removedwith filter
paper, leaving a thin film stretched over the grid. The specimens
were instantly vitrified by rapid immersion into liquid ethane in a
temperature-controlled freezing unit (Zeiss Cryobox, Zeiss NTS
GmbH, Oberkochen, Germany). After freezing the specimens, the
specimenwas inserted into a cryo-transfer holder (CT3500, Gatan,
Mu¨nchen, Germany) and transferred to a Zeiss EM 922 OMEGA
TEM. Examinationswere carriedout at temperatures around100K.
The transmission electron microscope was operated at anFigure 1. A,B) TEM images of a two-dimensional hexagonal assembly o
decomposition of iron pentacarbonyl in the presence of oleic acid
nanoparticles (hexane).
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by a bottommounted CCD camera system (Ultrascan 1000, Gatan)
combined and processedwith a digital imaging processing system
(Gatan Digital Micrograph 3.9 for GMS 1.4).
Dynamic light scattering (DLS) measurements were performed
on an ALV DLS/SLS-SP 5022F compact goniometer system with an
ALV 5000/E correlator and a HeNe laser. CONTIN analysis of the
obtained autocorrelation functions was carried out.
Confocal fluorescencemicroscopy imageswere capturedusing a
Zeiss LSM710 confocal laser scanningmicroscope. All imageswere
captured using an oil immersion lens (NA 1.3 Objective Plan-
Apochromat 63 /1.4 Oil DICM27). Rhodamine Bwas excited by a
543nmHeNe laser. Amainbeamsplitterwasusedwith a longpass
filter (485nm/543nm). Emission was captured by a spectroscopic
detection unit set 625nm (LP).
Mass spectra were recorded using a MAT 8500 instrument
(Finnigan).
Sonication treatmentwas performedwith a Bransonmodel-250
digital sonifier equipped with an 1/8 inch diameter tapered
microtip (200 watt at 20% amplitude).Results and Discussion
Fe3O4 NP Synthesis
Fe3O4 NPs were prepared by aging an iron-oleate complex,
which was previously obtained by thermal decomposition
of iron pentacarbonyl in the presence of oleic acid at
100 8C[11] to yield near monodisperse iron oxide without a
further size selection process. The obtained NPs were
characterized by TEM and DLS (Figure 1).
The TEM image of the iron oxide NPs exhibits nicely
monodisperse NPs with a diameter of 8.52nm 0.66nm,
which is further confirmed by DLS. The z-average hydro-
dynamic radius of the particles in hexane is found to be
4.9 nm, which is in good accordance with the average
diameter found in a statistical evaluation of the TEM
images (8.52 0.66nm).f near monodisperse Fe3O4 nanoparticles synthesized by the thermal
; C) DLS CONTIN plot (unweighted) of oleic acid-stabilized Fe3O4
www.mrc-journal.de 1611
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Scheme 3. Strategy for A) Rhodamine-labeling and B) PEG-coating of Fe3O4 nanoparticles with click chemistry.
1612Fe3O4-Alkyne
An alkyne-modified dopamine derivative was synthesized
as a stable biomimetic anchor to stabilize themagnetic iron
oxideparticles.Asmentionedbefore,dopamine-derivatives
act as adhesives and stick to virtually any kind of surface.
Alkyne-dopamine was utilized to create multi-click func-
tional Fe3O4 NPs as demonstrated in Scheme 3. These NPs
act as a scaffold for furthermodification by click chemistry.
XPS was used to identify the chemical composition at the
surface of themodified iron oxide NPs. Figure 2 clearly shows
that the signals for iron, carbon, oxygen, and nitrogen are
displayedasexpectedforadopamine-coatedsurface.Different
signals for the iron-containing core can be assigned to the Fe-
Auger signal at 784eV, as well as the Fe 2p1 (720eV), Fe 2p3
(707eV)andFe3p(60eV)signals.The inset showsthenitrogen
signalat402eVand,therefore, indicatesthesuccessfulbinding
of alkyne-dopamine to the surface.
The atomic compositions (C andN) can be calculated in a
semi-quantitative approach with the atomic sensitivity
factors of the XPS system to allow the determination ofFigure 2. XPS spectrum of alkyne-modified Fe3O4 magnetic nano-
particles (Fe3O4-alkyne).
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successful ligand exchange with alkyne-dopamine. The
calculated value (average value of three measurements) of
C:N, 11.3:1, is in good accordance with the theoretical
calculations of the element ratio (11:1). This proves a
quantitative exchange of the oleic acid ligands by alkyne-
Dopa.Fe3O4-Rhodamine
To demonstrate the activity of alkyne groups at the outer
layer azido-Rhodamine was used to visualize the click
chemistry. This fluorescent tag binds covalently to the
dopamine shell by click chemistry under adequate reaction
conditions. The synthesis is presented in Scheme 3. The
excess N3-Rhodamine was removed by intensive washing
with DMSO and the pure functionalized particles were
separated magnetically.
As a result of themodification of the surface, the color of
the particle solution changed from brownish to brownish-
red. The color results from the Rhodamine B dye covalently
bound to the particles (Figure 3D). UV light exposure
(366nm) induces fluorescence of the labeled NPs in THF
solution.
XPS measurements of Rhodamine-labeled magnetic
particles illustrate the signals for carbon, oxygen, and
nitrogen. Interestingly, the characteristic signals for iron
aremissing. The inelasticmean freepath of aphotoelectron
in a solid is generally smaller that 10–20 A˚. Therefore, only
the elements of the dopamine-Rhodamine shell (C, N, O)
are detectable as the organic shell is too thick to allow
photoelectrons of Fe be emitted. The calculated ratio of C :N
(average value of three measurements) is 8.4:1 which is in
good accordance with the theoretical calculations of the
element ratio (7:1).
The FT-IR spectrum of N3-Rhodamine shows a character-
istic peak for the azido-group at 2 120 cm1. After clickDOI: 10.1002/marc.201000193
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Figure 3. TEM (A) and XPS (B) analysis of fluorescently modified Fe3O4 nanoparticles;
Optical images (C) of oleic acid (left) and alkyne-dopamine (right) stabilized Fe3O4
nanoparticles in THF. D) Photograph showing the fluorescence of Rhodamine-labeled
nanoparticles in THF (UV lamp 366 nm).reaction this vibration peak has vanished, which indicates
that the reaction took place completely and no free N3-
Rhodamine remains in solution (see Figure 4A).
Figure 4B shows a confocal fluorescence micrograph
(CFM)and thefluorescence spectrumofRhodamine-labeled
Fe3O4 particles. The NPs were spin-coated from THF
solution. As expected, large spherical aggregates were
formed while spin-coating the samples. Nevertheless, the
fluorescence confirms the exclusive functionalization with
azido-Rhodamineonthesurfacebyclickchemistry.BecauseFigure 4. A) FT-IR spectra of Fe3O4-Rhodamine (dotted line), Fe3O4-alkyne-dopamine stabi
(solid line) as reference. B) Confocal fluorescence micrograph of spin-coated fluorescent Fe3
are aggregates of magnetic iron oxide nanoparticles. C) Fluorescence emission spectr
dissolved in THF (excitation wavelength 543 nm).
Macromol. Rapid Commun. 2010, 31, 1608–1615
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small size of the particles, single particles
cannot be resolved. The emission spec-
trum shows the maximum fluorescence
intensity at 588nm, which is in accor-
dance with the azide-Rhodamine spec-
trum (see Supporting Information).
The control experiment, which was
carried out under identical conditions
with non-functionalized dopamine
coated particles, does not show fluores-
cence. In addition, the color of the
dispersed particles in THF did not change
compared to the startingmaterial, which
indicates that no Rhodamine is attached
or adsorbed.Fe3O4-g-PEG
Click-modified iron oxide NPs were mod-
ified with PEG by a copper-catalyzed
Huisgen [2þ 3] cycloaddition. For this
purpose, azido-end group functionalized
PEG (N3-PEG, 1 000 g mol1, DPn¼ 23) as
a hydrophilic polymer was used. The
coating strategy is outlined in Scheme 1.
The excess N3-PEG was removed byseveralwashing cycleswithDMSOand subsequentdialysis
for 14 d.
With this approach, hydrophobic Fe3O4 NPs can be
converted intowater-soluble biocompatible particles.With
our method PEG is anchored covalently onto the mono-
disperse Fe3O4 NPs which can be redispersed in water
because of the hydrophilic PEG shell, which corroborates
the successful grafting.
Figure 5A shows the FT-IR spectra of dopamine-coated
and PEG-functionalized iron oxide particles as well as thelized particles (dashed line), and N3-Rhodamine
O4 nanoparticles. The fluorescent spherical parts
um of Rhodamine-labeled Fe3O4 nanoparticles
www.mrc-journal.de 1613
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Figure 5. A) FT-IR spectra of Fe3O4-g-PEG (dotted line), Fe3O4-alkyne-dopamine stabilized
particles (dashed line), and N3-PEG (solid line) as reference. B) XPS measurements of
PEG-coated Fe3O4 nanoparticles. C) TEM image of PEG-coated Fe3O4 nanoparticles
obtained from DMSO by drop coating on a carbon-coated cupper grid. D) Cryo-TEM
image of PEG-coated Fe3O4 nanoparticles obtained from water.
1614spectrum of N3-PEG as reference. The spectra provide
evidence for successful click grafting. For the PEG-coated
particles the vibration peaks of the methylene hydrogen,
whichoriginates fromthePEGrepeatingunits, canbe found
at 2 922 cm1. On the contrary, the dopamine-stabilized
particles do not show this vibration peak. N3-PEG has a
characteristic peak for the azido group at 2 120 cm1. After
click reaction this vibration peak vanishes, which indicates
that the reaction took place completely and no free N3-PEG
remains in solution.
The XPS measurement of PEG-coated iron oxide NPs
(Figure 5B) shows the characteristic elements C, N, and O of
thePEGshell. Again, no iron signals canbedetectedbecause
of the dense polymer layer.
Figure 5C represents a typical TEM image of PEG-coated
nanoparticles obtained by drop-coating from DMSO solu-
tion. Clearly thepolymer shell of the ironoxideparticles can
be detected. The PEG-coated particles are seen to agglom-
erate, which might be attributed to drying effects. Single,
non aggregated particles are also found on the grid, as
presented in the inset in Figure 5C. A cryogenic TEM image
of PEG-coated nanoparticles inwater is shown in Figure 5D.
The grey halos around the Fe3O4 core represent the PEO
coronas. Surprisingly, aggregates are still seen in solution.
The reason for this is yet unclear andwill be investigated in
the future.
As a control experiment, oleic acid-stabilized Fe3O4 NPs,
which do not contain an alkyne-functionality, wereMacromol. Rapid Commun. 2010, 31, 1608–1615
 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimdispersedwithN3-PEG and treated under
the same conditions for the click reaction
betweenclick-dopamine-coatedparticles
andN3-PEG.Afterpurificationbydialysis,
TEM images demonstrate the absence of
any corona around the iron oxide parti-
cles (see Figure S5). This control experi-
ment corroborates the successful coating
of click-dopamine-coated particles. In
addition, the particles agglomerate
strongly in solution (DMSO) because of
the lack of the stabilizing PEG shell.Conclusion
We have demonstrated the successful
combination of click chemistry with
biomimetic mussel adhesive protein
inspiredanchors. Thismerges two impor-
tant and versatile strategies of modern
nanochemistry. We used iron oxide NPs
asamodel systemtodemonstrate several
facile conjugations. The irreversible bind-
ing affinity of the dopamine-derivative
serves as scaffold for the click reaction ofvarious clickable ligands. As amodel reaction,we chose N3-
Rhodamine as fluorescent dye. Confocal fluorescence
micrographs demonstrate the successful click reaction.
Furthermore, this approach was corroborated by the
attachment of azido-functionalized PEG. This method can
be extended to the attachment of any suitable click-
functionalized compound to the Fe3O4 surface (e.g.,
various N3-end group functionalized responsive polymers
andproteins). The successful graftingwasdemonstratedby
surfaceanalysismethodsandTEMtovisualize theparticles.
Looking to the future, our click-functionalized dopamine
units can be very versatile building blocks for the
orthogonal, easy, and rapid functionalization of virtually
any surface.Acknowledgements: The authors thank Markus Mu¨llner for N3-
Rhodamine synthesis and Andrea Wolf, Melanie Fo¨rtsch, Annika
Ochs, and Dr. Markus Drechsler for TEM and cryo-TEM measure-
ments (Macromolecular Chemistry II, University of Bayreuth).
Melanie Pretzl (Physical Chemistry II, University of Bayreuth) is
thanked for confocal microscope images. Prof. P. Rudolf and the
group of Surfaces and Thin Films (Zernike Institute for Advanced
Materials, Groningen) are thanked for access to the X-ray
photoelectron spectrometer.
Received: March 23, 2010; Revised: April 24, 2010; Published
online: July 8, 2010; DOI: 10.1002/marc.201000193DOI: 10.1002/marc.201000193
Biomimetic Mussel Adhesive Inspired Clickable Anchors Applied to . . .Keywords: click chemistry; dopamine; magnetic nanoparticles;
poly(ethylene oxide)[1] H. Lee, S. M. Dellatore, W. M. Miller, P. B. Messersmith, Science
2007, 318, 426.
[2] X. Fan, L. Lin, J. L. Dalsin, P. B. Messersmith, J. Am. Chem. Soc.
2005, 127, 15843.
[3] C. Xu, K. Xu, H. Gu, R. Zheng, H. Liu, X. Zhang, Z. Guo, B. Xu,
J. Am. Chem. Soc. 2004, 126, 9938.
[4] R. Ranjan, W. J. Brittain, Macromolecules 2007, 40, 6217.
[5] X. Lu, F. Sun, J. Wang, J. Zhong, Q. Dong, Macromol. Rapid
Commun. 2009, 30, 2116.Macromol. Rapid Commun. 2010, 31, 1608–1615
 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim[6] M. A. White, J. A. Johnson, J. T. Koberstein, N. J. Turro, J. Am.
Chem. Soc. 2006, 128, 11356.
[7] L. Polito, D. Monti, E. Caneva, E. Delnevo, G. Russo, D. Prosperi,
Chem. Commun. 2008, 621.
[8] H. He, Y. Zhang, C. Gao, J. Wua, Chem. Commun. 2009,
1655.
[9] G. vonMaltzahn, Y. Ren, J.-H. Park, D.-H. Min, V. R. Kotamraju,
J. Jayakumar, V. Fogal, M. J. Sailor, E. Ruoslahti, S. N. Bhatia,
Bioconjugate Chem. 2008, 19, 1570.
[10] J. Xie, K. Chen, H.-Y. Lee, C. Xu, A. R. Hsu, S. Peng, X. Chen,
S. Sun, J. Am. Chem. Soc. 2008, 130, 7542.
[11] T. Hyeon, S. S. Lee, J. Park, Y. Chung, H. B. Na, J. Am. Chem. Soc.
2001, 123, 12798.
[12] C. D. Wagner, L. E. Davis, M. V. Zeller, J. A. Taylor,
R. H. Raymond, L. H. Gale, Surf. Interface Anal. 1981, 3,
211.www.mrc-journal.de 1615
